Abstract This study describes the validation and field application of new tailor
Introduction
Nitrogen dioxide (NO 2 ) is an important indicator of air pollution. It is considered the most toxic form of nitrogen oxide (NO X ) generated from motor vehicles, as well as fossil fuel combustion in general and the ever growing urbanized demand for electrical power. When nitrogen dioxide is inhaled it is a strong respiratory irritant. The bronchotracheal and alveolar region are the predominating sites of action. Nitrogen dioxide reduces resistance against respiratory infections, causes lung function changes in asthmatics and enhances bronchial responsiveness to allergens. Therefore, many countries require the monitoring of NO 2 levels (Delgado-Saborit and Esteve-Cano 2006). The passive samplers for NO2 have been widely used for air quality monitoring (Salem et al. 2009 ) and in epidemiological surveys (Glasius et al. 1999) , because they are simple, lightweight and cheap devices, which can be operated without requiring any power source (Varshney and Singh 2003) . According to Fick's First Law, passive samplers are based on the principle of the free flow of pollutant molecules in the air from the sample medium to a collecting medium. NO 2 diffuses to the passive sampler where its gets absorbed on the triethanolamine (TEA) impregnated mesh. Molecules of NO 2 diffused along the tube are trapped within the adsorbent by the formation of a TEA-NO 2 complex. After exposure, NO 2 is quantified by chemical extraction of nitrite (NO 2 -), which can be determined by colorimetric analysis (Palmes et al. 1976) . Nitrites in solution react with sulphanilamide and form a diazonium compound, which on coupling with N-(1-Naphthyl) ethylene diamine dihydrochloride (NEDA) form purple azodye (Varshney and Singh 2003) .
NO 2 concentrations are calculated from the quantity of nitrites captured in the sampler. Tube-type passive samplers were first developed by Palmes and Gunnison (1973) for the monitoring of SO 2 , and from there have been continuously developed. Behavior of the TEA absorbents and chemical interferences of NO 2 measurements were studied in the UK (Kirby et al. 2000) . A new passive sampler for NO 2 monitoring was developed by Ozden and Dogeroglu (2007) . Passive samplers for atmospheric pollutants such as SO 2 , NO 2 , O 3 and H 2 S in tropical areas were developed and validated by Campos et al. (2010) . The badge-type passive sampler for SO 2 and NO 2 determination was developed in Italy (De Santis et al. 1997) . The Willems badge for NO 2 monitoring was developed and validated in Sweden (Hagenbjork-Gustafsson et al. 1999) . Both tube type and badge type passive samplers have become popular, because both of them serve satisfactorily with slight modifications. Van Reeuwijk et al. (1998) compared tube type and badge type samplers in regard to their robustness and precision and found tube type samplers to be better than badge type samplers.
The NO 2 tube-type passive samplers have been continuously developed. Glasius et al. (1999) used acrylic diffusion tubes from Gradko International (7.1 cm length and 1.1 cm i.d.) to monitor NO 2 levels in Denmark and Italy. The diffusion tube steel meshes were dipped in a 33 % TEA in acetone and were exposed for 4 weeks. They found that the measurement of NO 2 with chemiluminescence and diffusive sampling method showed good agreement between both of the methods.
TEA is the most commonly used absorbent for NO 2 . However, its optimum volume and concentrations still need to be optimized for each sampling condition. Kirby et al. (2000) suggested that the amount of the TEA used should be 10 or 20 % in de-ionized water and its volume should be in the range of 25-50 lL. Under these conditions, the passive samplers obtained from Gradko International (7.1 cm length and 1.1 cm i.d.) were exposed for 2 weeks. Varshney and Singh (2003) recommended 50 lL of 20 % TEA/de-ionized water as the absorbent on the two stainless steel wire meshes. They used an acrylic tube (7.1 cm length and internal diameter 1.1 cm i.d) in a range of between 1 and 4 weeks for the exposure period. Ozden and Dogeroglu (2007) developed a new passive sampler compared with the commercial one (Gradko International). They found good agreement and a strong correlation between the results of the two (r [ 0.95). Their passive sampler consists of a glass body (3.98 cm length and 1.2 cm i.d) and contains Whatman GF/A filter paper impregnated with 20 % TEA. The samplers were exposed for 7 days. Apart from using TEA as the NO 2 absorbent, there was a study from Campos et al. (2010) that used another impregnated solution. They used a polyethylene passive tube (21 mm i.d. and 12 mm length) containing a Whatman 40 (a cellulose filter) impregnated with 0.5 mol/ L KI: 0.2 mol/L KOH in methanol. The concentrations of the new passive sampler compared with a dynamic gas calibrator (Environment, Model EV-3 M) were tested. The correlation between both methods was highly correlated (r = 0.9556, p \ 0.0001) and the detection limits obtained from the passive sampling were 0.21 lg m -3 in 7 days and 0.060 lg m -3 in 28 days. After the sampling, the extraction step was performed. De-ionized water (Campos et al. 2010 ) was used for extraction of NO 2 from the exposed samples. The extract was then completed with Saltzman reagent which colorimetrically determines NO 2 -. Preparation of the Saltzman reagent may be varied; for instance, the ratio of sulfanilamide to NEDA can be 20:1 (Kirby et al. 2000; Royset 1998) or 10:1 (Ahmad et al. 2011) . The colorimetric method is based on the Saltzman reagent with spectrophotometry as the most common method for determining NO 2 (Ahmad et al. 2011; Campos et al. 2010; Ozden and Dogeroglu 2007) . However, chemiluminescence (Ayers et al. 1998 ) and ion chromatograph (Glasius et al. 1999; Salem et al. 2009 ) have also been reported as having potential to determine NO 2 in ambient air.
Use of passive samplers to monitor pollutant concentrations, micro-scale or local environment such as (1) street canyon effect (Tang and Wang 2007) , (2) sampling places and sampler hanging method, e.g., tree branches, streetlight poles, fences and (3) the nearest sources, e.g., traffic (Pirjola et al. 2004 ) and open burning may influence the level of measured NO 2 concentrations significantly.
The purposes of this study were (a) to develop the tailormade tube type passive sampler for NO 2 measurement, (b) to monitor spatial and temporal variations of NO 2 concentrations in Chiang Mai City, and (c) to assess the influence of meteorological conditions (wind direction/ speed and precipitation) as well as various human activities on ambient NO 2 levels collected by passive samplers in different areas.
Materials and methods

Development of nitrogen dioxide passive samplers
Selection of sorbent
The use of three types of cellulose filters (Whatman No.1, 6 and 40) and a glass fiber filter (GF/A) was investigated to compare their abilities as supporters for impregnated solutions. 50 lL of 20 % TEA (Ozden and Dogeroglu 2007; Varshney and Singh 2003) was added to each filter type which was contained in a polypropylene (PP) diffusion tube (5.3 cm long and 1.3 cm i.d.). A sampling set consisted of five sampling tubes and three blanks (unopened tube). A set of diffusion tubes were attached in the protective shelter by fixing the opened ends upright and then exposing them for 24 h next to the air quality monitoring (AQM) station (Pollution Control Department; PCD) at the Yupparaj Wittayalai School in Chiang Mai City (18°4 7 0 28.43 00 N, 98°59 0 24.26 00 E). NO 2 concentrations from this station were measured by automatic active equipment based on chemiluminescence technique. Therefore, they will be used as reference values for comparison with passive sampling in this study. After the sampling, 2 mL of de-ionized (DI) water was added to the tube and the solution was stirred well for 15 min. One millilitre of the solution was mixed with 2 ml Saltzman reagent (NIOSH 1998) for 10 min. After extraction, the absorbance was measured by spectrophotometer (Jasco UV 530, Japan) at 540 nm.
Sensitivity and precision of the NO 2 measurement by spectrophotometer were determined in terms of limit of detection (LOD), limit of quantification (LOQ), repeatability and reproducibility. The lowest concentration (0.02 mg/L) of nitrite standard solution was run in ten replicates. The limit of detection (3 lg/m for 1 day; 1 lg/ m 3 for 3 days) was determined as three times the mean standard deviation (SD) of the lowest concentrations. The limit of quantification (6 lg/m 3 for 1 day; 2 lg/m 3 for 3 days) was measured as 10 times the mean standard deviation for the same samples. The repeatability and reproducibility were determined as the percentage of relative standard deviation (% RSD) for 10 replicates of 0.2 mg/L of NO 2 standard solution. They were found to be \5 % for repeatability (2.1 %) and reproducibility (4.0 %), which represented a high precision of measurement.
Selection of diffusion tubes
Two types of diffusion tubes with different lengths and internal diameters (i.d.) were selected and tested. The first one was the 5.4 cm long and 1.4 cm i.d. polyethylene (PE) tube. The second and third ones were PP tubes, which included a smaller size (5.3 cm long and 1.3 i.d.) and a bigger size (7.7 cm long and 1.6 cm i.d.). These PP tubes were applied from the 5 ml and 10 ml syringes (Nipro, Thailand), respectively. The glass fiber filter (GF/A) used as the sorbent was impregnated with 50 lL of 20 % TEA. Their absorbance for NO 2 absorption efficiency was compared by 24-h exposure of one set of samplers (5 sampling tubes and 3 blanks tubes) at the AQM station.
Extraction duration
The NO 2 concentration was analyzed in the form of NO 2
-. Extraction time was tested by spiking 20 lL of 100 mg/L of NO 2 -standard solution onto the sorbent (Whatman GF/ A) in three diffusion tubes. They were left for 15 min prior to the extraction by 2 ml DI water. One ml of the solution was then mixed with 2 mL of Saltzman reagent. The extraction durations from 5, 10, 15, 20 and 25 min were then tested with three replicates of each condition. Percent recoveries were calculated to obtain an efficiency of each condition.
Sampling period
The appropriate passive sampler, which consists of a PP diffusion tube (5.3 cm length and 1.3 cm i.d.) containing a Whatman GF/A filter paper impregnated with 50 lL of 20 % TEA, was selected. Sampling duration outdoors was tested using four sampler sets (1 set contains 5 sampling tubes and 3 blanks) at the AQM station. A set of the samplers was collected after 1, 3, 5 and 7 days of exposure. Nitrogen dioxide concentrations obtained from each sampling were compared with the reference values taken from the AQM station from the same sampling duration.
Validation of passive sampler
An accuracy of the results obtained from the passive sampler and spectrophotometric measurement was evaluated and compared with the reference values from the AQM station. Precision is expressed as the percentage of relative standard deviation (% RSD) and Root Mean Square Error (RMSE) to ensure quality and capacity of the passive sampler. The passive samplers (n = 5) were exposed for 24 h. Data were collected in a total of 23 days.
Field application of the developed passive samplers for nitrogen dioxide measurement in Chiang Mai City Sampling sites were surveyed and randomly selected within four districts of Chiang Mai Province, Thailand. There were 20 sites (Fig. 1, Table 1 ) in total and can be divided into urban (8 sites), sub-urban (6 sites) and rural (6 sites) areas based on population density and human activities. The sampling site categories are defined as follows.
• Urban area: inner circle (5 km radius from the center).
It is the community area including residential and business buildings, Chiang Mai International Airport and the transportation network.
• Sub-urban area: second circle (10 km from the center and 5 km from the inner circle). Most of this area consists of communities with considerably less density than the urban area.
• Rural area: outer part of the second circle. Most of this area is dedicated to agricultural purposes.
The location of the sampling sites was selected based on the main monsoon direction, which is in the northeastsouthwest direction. The rainy season, influenced by the southwest monsoon, begins in mid-May and continues until October. The cool-dry season begins in November and continues until February. It is influenced by the northwest monsoon, which brings cold air from Siberia, through China and down into Northern Thailand. The hot dry season begins in March and extends to mid-May and is influenced by the southeast monsoon. In this study, sampling was done once a month for 3 days of exposure of the passive samplers in the dry season from November 2007 to April 2008.
Preparation of the passive samplers for nitrogen dioxide measurement
The NO 2 passive sampler consists of a PP diffusion tube (5.3 cm length and 1.3 cm inter diameter) containing a Whatman GF/A filter paper impregnated with 50 lL of 20 % TEA. A set of the samplers (3 sampling tubes and 1 blank tube) was kept in a shelter to reduce meteorological effects and hung at 1.5-2.0 m above ground level for 3 days.
Results and discussion
Selection of nitrogen dioxide passive sampler
Investigation of types of sorbent, diffusion tube and sampling duration for NO 2 sampling is summarized in Table 2 . There was no significant difference (p [ 0.05) between types of sorbent. However, the GF/A provided the highest value of NO 2 (40.5 ppbv) and less difference (6.2 %) from the reference value (43.2 ppbv). Therefore, GF/A was chosen as an absorption filter for NO 2 sampling in this study.
Diffusion tubes
Two types of diffusion tubes including PE (5.4 cm long and 1.4 cm i.d.), and two sizes of PP (5.3 cm long and 1.3 cm i.d. and 7.7 cm long and 1.6 cm i.d.) were tested to find out their levels of efficiency in 24 h exposure. It was found that concentrations of NO 2 obtained from the different types of diffusion tube were not significantly different (p [ 0.05). However, a shorter PP tube (5.3 cm) was chosen due its low cost and local availability.
Extraction duration for nitrogen dioxide
The extraction duration is an important step that should be optimized because it can lead to an under or over estimation of pollutants. The times of extraction (5-25 min) were tested. The optimum extraction duration of NO 2 from the samplers and reaction times for color developing were at least 15 min. Each step yielded 94 ± 3 % recovery. (Table 2) . During 1 week of this test, the ambient NO 2 concentrations were relatively low (reference values = 11-12 ppbv), therefore, the difference of NO 2 concentrations obtained from the passive samplers and the reference values were quite high (25-37 %). However, 1-5 days of exposure provided acceptable values (\30 % difference) as shown in Table 2 . Long sampling times affected the mass diffusion limit depending on the dimension of the sampler such as the size of the cross section (capacity of sorbent), which affected the rate of diffusion in the long exposure time.
Comparison of passive sampler specification and capacity for nitrogen dioxide measurement Table 3 compares various nitrogen dioxide passive samplers in terms of materials, sizes, absorbent types, extraction reagents and their capacities. Passive samplers made with various kinds of materials such as PP, PE, glass and acrylic were employed in different locations and sampling periods. The sizes of the samplers varied from 10 to 71 mm length and from 11 to 21 mm inner diameter. The sampling period ranged from 12 h to 4 weeks. The popular absorbent used for determination of NO 2 in ambient air was 20-50 % TEA absorbed on filter paper or mixed with acetone. Apart from the use of TEA, a solution of potassium iodide and potassium hydroxide (Campos et al. 2010 ) and sodium hydroxide mixed with sodium iodide (Ayers et al. 1998) was also used as the NO 2 absorbent. Common solution used for NO 2 extraction was the Saltzman reagent. The extraction durations were slightly different between studies. The precision of the tailor-made passive samplers in this study was compatible to the others (2-15 % precision range). The correlations of NO 2 concentrations collected by the passive samplers strongly agreed with active methods in all studies. The tailor-made passive samplers are, therefore, suited to be used for measurement of NO 2 in micro-scale environment, where no data are available or the number of active samplers is not sufficient.
Validation of nitrogen dioxide passive sampler
The NO 2 concentrations in the ambient air of the urban area of Chiang Mai Province obtained from passive sampling and spectrophotometry were compared with the reference values from the AQM station (U2 site). It was found that the concentrations of NO 2 in the ambient air determined from passive sampling and chemiluminescence were strongly correlated with each other (r = 0.924) as shown in Fig. 2 . The regression of NO 2 concentrations (R 2 = 0.85) confirms the quantitative agreement between these two methods. The value was much closer to the values reported by Ayers et al. (1998) (R 2 = 0.89 and 0.81). Moreover, concentrations of NO 2 from both techniques were not significantly different (p [ 0.05). The precision of the passive samplers (n = 5) measured from the data over 23 days of the experiment (24 h exposure) was classified as being 65 % high (\15 % RSD) and 35 % moderate (15-33 % RSD). The similar experiment was reported by Campos et al. (2010) with 2-15 % RSD (n = 3). It was found that the root mean square errors (RMSE) of NO 2 concentrations between the passive sampling and the reference values were 0.94 ppbv. However, the influence of turbulence on passive sampler efficiency is likely to be site dependent (Varshney and Singh 2003) .
Spatial and temporal variations of nitrogen dioxide concentrations
Concentrations of NO 2 in the urban, sub-urban and rural areas of Chiang Mai Province were obtained from passive sampling and spectrophotometry (Table 4) . Ranges of NO 2 concentrations over 6 months were 6.3-45.1, 5.1-19.1 and 1.6-8.7 ppbv in urban, sub-urban and rural areas, respectively. One-Way ANOVA was used to determine the differences of mean NO 2 concentrations between each area. The NO 2 concentrations were log-transformed to achieve normal distribution. The results showed that NO 2 concentrations recorded during the sampling period of the rural area were significantly less than those of the urban and sub-urban areas (p \ 0.05). The concentration levels were also significantly different in both the urban and suburban areas (p \ 0.05). However, the influences of either the micro-scale or the local environment on the measured NO 2 levels were obviously observed. The highest NO 2 concentration of each month was found at the U3 site (Waroros Market), which is located in the urban area of Chiang Mai City and experiences high traffic density. The sampling was done in front of the shrine located *1 m distance from the motorbike parking area along the small road that had many buildings and high traffic density, along with the significant levels of human activity that occurred throughout the day. The samplers were hung on the concrete wall of the shrine. Therefore, they were exposed to air pollutants from the nearby sources. At this site, traffic volume and the high incidence of incense burning could be seen as the potential sources of NO 2 , and together with a street canyon effect, all of these factors could likely lead to higher NO 2 concentrations (Tang and Wang 2007) . Furthermore, similar research studies, which have been reported by Ahmad et al. (2011) , presenting the highest concentrations of NO 2 were measured near the main road due to the intensive flow of road vehicles. The influence of the micro-scale environment was obviously observed in the cases where the NO 2 concentrations were obtained from the U3 and U4 (recorded at the police station located near the river, *100 m distance from a local road with high traffic density). The samplers of U4 were hung on tree branches. The location near the river had significantly better air-flow and the pollutant concentrations were diluted at that site. NO 2 levels of the U4 site were, therefore, much lower than those of the U3, even though the two locations were in relatively close proximity to each other. Moreover, the study from Pirjola et al. (2004) revealed that at a distance of 120-140 m from the source, the pollutant concentrations would be diluted to one-tenth of the values that were recorded within a 9 m range of the source. NO 2 levels detected in sub-urban and rural areas with less traffic density and particularly higher open burning activities were lower than urban area. This is probably due to range and frequency of source emission as well as the micro-environment of the sampling sites such as density of buildings and human activities. In the area with low density of constructions, air circulation is definitely better and pollutant concentration will be diluted.
Some previous studies (Ezcurra et al. 2001; Ortiz de Zarate et al. 2005; Sahai et al. 2007 ) have reported that NO X , NO, NO 2 and N 2 O were found in the ambient air around biomass burning area and most of the NO 2 in the rural area was released from the open burning of agricultural waste. In this study, the NO 2 concentrations detected in the rural area were 1.6-8.7 ppbv. When comparing those values with other places, it was found that the NO 2 concentrations of Chiang Mai's rural areas were lower than those found in India collected by active sampling (0.9-20.3 ppbv) during the agricultural burning season (Sahai et al. 2007 ), but were higher than the values found in Spain (2 ppbv) during the cereal burning season (Ezcurra et al. 2001) .
In (Northern Meteorological Center, 2008) , and were higher than those of other months during the sampling period (Table 3) . From this information, the sampling could be divided into two periods: the cool-dry period (December 2007 -March 2008 and the transition period (November 2007 and April 2008) . The highest NO 2 concentration in the urban area was found in January 2008, while that in the rural areas was found in December 2007. It can be concluded that there are more pollutants (NO 2 ) present in the dry season. The concentrations are significantly higher than those of the transition period. In the rainy season, the pollutant concentrations were lower than those of both the dry and transition periods. The results agreed with many previous studies (Ramire Sanchez et al. 2009; Ramire Sanchez et al. 2009 .
Geographic distribution of nitrogen dioxide in Chiang Mai
Figure 3 illustrates plots of NO 2 concentrations of all sampling sites in each sampling month (November 2007 to April 2008 . Levels of NO 2 concentrations were found to correspond with land use type, population density and human activities in the sampling areas. In the urban area, high NO 2 concentrations were found in the range from 10 to above 30 ppbv. The maximum concentration levels were recorded at the U3 site (45.1 ppbv) in January 2008. However, NO 2 concentrations of the U4 site were approximately 2 times lower than those found in the U3. Even though these two sites were located close to each other, the NO 2 levels detected in each site were distinct. It is clear that the major source of pollutants in the urban area was traffic. However, other human activities also influence the NO 2 concentration levels. At the U3 site, incense (Lin et al. 2008) . NO 2 concentrations in sub-urban and rural areas were lower than those in urban area (\10-20 ppbv).
Effect of wind direction/speed on ambient NO 2 concentrations
The NO 2 concentrations emitted from the urban area can be transported to the sampling sites downwind, which resulted from wind speed/direction (Chiwa 2010) . Figure 4 illustrates the wind levels of Chiang Mai Province during the 3 days of sampling in each month. The major wind direction from SW-NE was dominant during the study period except in November, when NE-SW wind prevailed. The range of wind speed in November (58 % calm) and January (64 % calm) was 1-7 knots, while it was about 4-11 knots in December and February; it was classified as 26 % calm and 1-17 knots in March and April while classified as being 44 % calm. Overall wind speed was very weak. The calm condition was about 2/3 of the whole period. Table 5 shows the mean NO 2 concentrations of the sub-urban and rural areas located in the NE and SW directions of the city. The data were divided into two groups (sub-urban and rural areas). In each group the sampling sites were separated based on their locations (NE and SW of the city). Wind direction during the sampling was considered in the estimate of its influence on NO 2 concentrations downwind. It was found that NO 2 concentrations of the sampling sites in the same category of the upwind and downwind directions were not significantly different (p \ 0.05). However, the concentrations at the downwind sites were higher than those of the upwind sites for all sampling (Table 5 ). According to the data, the effect of wind is limited in terms of air pollutant transportation. In this case, ambient NO 2 concentrations were mainly produced from local activities, i.e., traffic density or biomass burning.
Conclusion
The tailor-made NO 2 passive sampler was successfully validated. The NO 2 concentrations obtained from the samplers in comparison with the reference values were strongly correlated. The application of the passive sampler in the field depends on the meteorological and geographic conditions, which might affect the mass diffusion of pollutants. Anthropogenic activities are expected to be the main source of NO 2 in ambient air. Therefore, NO 2 concentrations in each area were related to size, type and range of activities such as vehicle exhaust, biomass burning, etc. Higher NO 2 concentrations were found in the urban areas than in the sub-urban and rural areas during every season. Wind speed and direction might have affected the pollutant concentrations, when the pollutant sources were found to be downwind. In this study it was found that the downwind sampling sites had higher NO 2 concentrations than the upwind sites, even though there were no other significant differences.
